Abstract. The aim of this study was to investigate the effects of edaravone on lung injury caused by myocardial ischemia reperfusion (I/R) in rats. Wistar rats (n=24) were randomly divided into 4 groups: the sham operation (S group) and myocardial I/R groups (C group) and two edaravone-treated groups (E 1 and E 2 groups). Rats in the E 1 and E 2 groups were injected with 3 or 10 mg/kg edaravone, respectively, 1 min before reperfusion. The rats were sacrificed and the lung tissue, bronchoalveolar lavage (BAL) fluid and serum were obtained. The concentration of serum creatine kinase isoenzyme (CK-MB) was determined, the lung permeability index (PPI) was calculated and β-defensin-2 (BD-2) mRNA expression in the lung tissue and BD-2 and TNF-α protein content levels were determined. Serum CK-MB activity and the PPI were increased, while BD-2 mRNA and BD-2 and TNF-α protein levels in the lung tissue were upregulated in the C, E 1 and E 2 groups compared with the S group. The above-mentioned indicators were decreased in the E 1 and E 2 groups compared with the IR group. The level of the decrease for indicators in the E 2 group was significantly different compared with that in the E 1 group. In conclusion, edaravone reduced the lung injury caused by myocardial I/R in rats. Its mechanism of action was not only oxygen free radical scavenging, but was also associated with a suppression of the inflammatory response of the lung tissue.
Introduction
Myocardial ischemia reperfusion (ischemia/reperfusion, I/R) injury significantly impacts the recovery of heart function following ischemia and may even be life-threatening. Consequently, the effective prevention and treatment of myocardial I/R injury has become the focus of numerous studies. Murry et al (1) first proposed the myocardial ischemic preconditioning process in 1986. Following this, ischemic post-processing (2,3) and remote ischemic post-processing (4) were suggested to be effective against myocardial I/R injury and play a role in myocardial protection.
Previous studies have demonstrated that I/R of the heart causes damage to the lungs and has a significant impact on the treatment and prognosis of patients. Kitashiro et al (5) carried out in vivo experiments in dogs which showed that myocardial I/R injury significantly increased lung water content. Tang et al (4) demonstrated that the remote postconditioning induced by brief occlusion and reperfusion of the pulmonary artery could attenuate myocardial reperfusion injury. The left pulmonary artery was blocked for 5 min followed by a 5-min reperfusion, and the left anterior descending coronary artery was occlude for 30 min with a 180-min reperfusion. Furthermore, the mechanism of protection was associated with the activation of endothelial nitric oxide synthase (eNOS). A study by He et al (6) revealed that the application of anti-human tissue factor antibodies may play a protective role in intestinal I/R-induced lung injury. An increased concentration of proinflammatory cytokines has been identified in the plasma of acute kidney injury patients, which leads to an increased incidence of respiratory complications (7) . Following acute kidney injury in rats, the lungs exhibited an increase in pulmonary capillary leakage and lung myeloperoxidase activity (8) , suggesting that other remote organs with I/R may also cause lung complications. Therefore, the occurrence and development of lung injury and protective measures require attention. Lung injury following myocardial I/R is mainly characterized by a significant accumulation of polymorphonuclear leukocytes, which produce large numbers of cytokines and oxygen free radicals that attack alveolar cell mitochondria, leading to increased pulmonary capillary permeability and the development of lung injury (5).
β-defensin-2 (BD-2) is a small cationic antimicrobial peptide. Human BD-2 was initially identified in epithelial tissue and the lungs and is secreted following stimulation by bacterial infections and inflammation. In a previous study recombinant adenovirus carrying an expression cassette of rat BD-2 was administered intratracheally to Sprague-Dawley rats 48 h prior to performing acute lung injury, which was induced by Pseudomonas aeruginosa infection. The level of P. aeruginosa in the lung with BD-2 overexpression declined significantly. Overexpression of BD-2 reduced alveolar damage, interstitial edema and infiltration of neutrophils in the model. Furthermore, Pseudomonas aeruginosa infection in the lungs of cystic fibrosis patients has been shown to be strongly associ-ated with the inactivation of BD-2 (9). Hu et al (10) developed a rat model that excessively expressed human BD-2 through gene regulation, which significantly prolonged the survival time of rats following infection with Pseudomonas aeruginosa. This also reduced the aggregation of bacteria in the lungs following infection and regulated the expression of numerous types of cells/inflammatory cytokines during the early stages of inflammation (including interleukin-1β and TNF-α). BD-2 may be able to directly kill microorganisms in the lung tissue and regulate the immune process. Wu et al (11) showed that acute lung injury and inflammation of the lungs induced by different modes of mechanical ventilation affect BD-2 expression. A number of studies have demonstrated that the BD-2 gene in lung tissue is upregulated following intestinal I/R in rats (12) . However, no previous studies have investigated the changes in BD-2 expression in lung tissue following myocardial I/R. Edaravone is a novel free radical scavenger, which inhibits reactive oxygen species generated by I/R and thus has a protective effect in heart, brain and liver damage (13) (14) (15) . However, the effects of edaravone on myocardial I/R-induced lung injury have not been investigated.
Therefore, the aims of the present study were to investigate BD-2 expression in the lung tissue following myocardial I/R, observe the protective effects of edaravone in lung injury following heart I/R processing and discuss whether this may have an effect on BD-2 expression in lung tissue following myocardial ischemia.
Materials and methods

Materials.
A one-step total RNA extraction kit and DNA polymerase were purchased from Beijing TransGen Biotech Co., Ltd. (Beijing, China). RNA enzyme inhibitors, murine leukemia virus reverse transcriptase, deoxynucleotide triphosphates (dNTPs) and a direct cloning carrier of PCR products vector system were from Fermentas (Toronto, ON, Canada). Mouse-derived β-actin (sc-47778), sheep-derived TNF-α (sc-1348) and rabbit-derived β-defensin antibodies (bs-1296R) were purchased from Beijing Biosynthesis Biotechnology Co., Ltd. (Beijing, China).
Animals. Healthy and clean male Wistar rats (weight, 250-300 g; n=24) were provided by the Department of Physiology of Shanxi Medical Laboratory Animal Center (Taiyuan, China). The rats were randomly divided into 4 groups (n=6/group); the sham operation (S group), myocardial I/R control (C group) and edaravone-treated groups (E 1 and E 2 groups; different doses). The study was approved by the ethics committee of Shanxi Provincial People's Hospital, Taiyuan, China.
Construction of the rat model. The myocardial I/R model was constructed according to previously described methods (16) . The rats were weighed and anesthetized with an intraperitoneal injection of urethane (25%; 3 mg/kg). A HX-300 animal ventilator was used for breathing assistance following tracheal cannulation and the standard limb lead ECG was traced. A thoracotomy was performed to expose the heart, and the left anterior descending branch (LAD) was separated between the left atrial appendage and pulmonary cone. A 7/0 non-invasive suture was used through the myocardium surface, 2 mm below the root of the left atrial appendage, and the needle was withdrawn beside the pulmonary conus. The electrocardiogram was observed for 15 min to allow the heart to become stable, then the LAD was ligated. Elevation of the ST-segment in lead-II and the darkening of the corresponding region on the surface of the heart indicated the successful induction of ischemia. The ligature was untied after 45 min. When the ECG ST-segment had declined >1/3 and the surface of the heart was recovered to a red color, this indicated that the myocardium had recovered from the reperfusion and further reperfusion was continued for 3 h. The rats in the E 1 and E 2 groups were intravenously injected with 3 or 10 mg/kg edaravone (2010031; Boda Pharmaceutical Co., Ltd., Jilin, China), respectively, 1 min before reperfusion via the right femoral vein and reperfusion was performed for an additional 3 h. The myocardial I/R rat model for the C group was constructed according to the method described above, while threading without ligation was performed in rats of the S group.
Sample collection. After 3 h of reperfusion, the rats were sacrificed using rapid abdominal aorta phlebotomy. Arterial blood samples (5 ml) were obtained by bloodletting, allowed to stand at room temperature for 60 min and centrifuged at 12,000 x g for 10 min. The supernatant was allowed to stand for a further 30 min and centrifuged at 12,000 x g for 10 min. The resulting supernatant was loaded into Eppendorf tubes, which were sealed and placed in a -70˚C refrigerator. Subsequently, serum CK-MB activity was detected using the CCX automatic biochemical analyzer (Abbott, Abbott Park, IL, USA); the kit was provided by Boehringer (Mannheim, Germany).
After the rats were sacrificed, the sternum was dissected along the midline to expose the lungs. A curved hemostat was used to block the right lung hilum and a V-shaped incision tracheostomy was made at the bottom of the tracheotomy spot. A sterile infusion tube (inner diameter, ~2 mm) was inserted through this incision into the left bronchus and the sterile thin tube was fixed above the carina using suture ligation. Sterile saline (2 ml) was fractionally injected through the thin tube using a syringe five times and the left lung was lavaged with 20 cm H 2 O pressure (1 cm H 2 O=0.098 kPa). The lavage fluid was drawn back into the syringe and this was slowly repeated 4-5 times; the lavage fluid was collected in dry and sterile glass tubes. The duration of the complete lung lavage process was ~20 min. The lavage fluid was maintained at room temperature for 30 min and centrifuged at 10,000 x g for 10 min. The supernatant was sealed in an Eppendorf tube and stored in a -70˚C refrigerator. The Coomassie brilliant blue staining method was used for protein quantification and the lavage fluid protein contents were determined according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The obtained data were used to determine the lung permeability index (PPI), the protein concentration in the lavage fluid and the serum protein concentration ratio.
BD-2 and TNF-α protein level determination.
A thoracotomy was performed on the rats following sacrifice to obtain right and lower lung tissue samples. The samples were placed in a -70˚C refrigerator for the extraction of the total RNA and protein. BD-2 and TNF-α protein levels were detected using western blot analysis; the proteins were extracted with protein lysate (RIPA lysis buffer), diluted with 2X SDS buffer to the same concentration and boiled for 5 min. The proteins were separated using SDS-PAGE gel electrophoresis and transferred to nitrocellulose (PVDF) membranes. The membranes were blocked overnight in a 5% bovine serum albumin (BSA) solution at 4˚C. For the primary antibody incubation, sc-47778 and sc-1348 were diluted at a ratio of 1:1,000 (TBST-diluted solution) and bs-1296R was diluted at a ratio of 1:200; these were maintained at 4˚C overnight. Anti-mouse, anti-goat and anti-rabbit secondary antibodies were diluted at a ratio of 1:1,000 and incubated at room temperature for 2 h. The grayscale value was used to determine BD-2 and TNF-α protein expression following enhanced chemiluminescence (ECL) coloring and scanning.
mRNA expression level determination. Total RNA was extracted from lung tissue samples (100 mg) using the TransZol one step method. β-actin was used as an internal standard to detect the BD-2 mRNA expression levels using a semi-quantitative RT-PCR assay. β-actin and BD-2 primers were designed in our laboratory and synthesized by Shanghai Sangon Biological Engineering Technology and Services Co., Ltd. (Shanghai, China). The primer sequences used were as follows: β-actin upstream, 5'-TGAACGGGAAGCTCACTGG-3' and downstream, 5'-TCCACCACCCTGTTGCTGTA-3' (product fragment length, 307 bp); and BD-2 upstream, 5'-TGCCTCCTTTTC TCCTATGC-3' and downstream, 5'-ATGGGAAACAGGTAC CCACA-3' (product fragment length, 216 bp). Total RNA (6 µg) was used to clone cDNA with the TaqMan reverse transcription kit (Fermentas) and this was stored at -20˚C. The PCR cycling conditions were as follows: 94˚C for 20 sec, 57˚C for 30 sec and 72˚C for 30 sec (36 cycles). RT-PCR products (10 µl) were used to carry out agarose gel electrophoresis for 2 h (voltage, 128 V; current, 70 mA; power, 9 W), then stained with ethidium bromide. The RT-PCR amplification products were observed under an ultraviolet lamp, images were captured and an image analyzer was used to analyze the amplification products. The absorbance ratios of the target gene and β-actin were used to determine the BD-2 mRNA expression levels in the lung tissue.
Statistical analysis. SPSS 15.0 software was used for data analysis. Measurement data are expressed as the mean ± standard deviation (SD). The groups were compared using one-way ANOVA, and pairwise comparisons were performed using the SNK test (a=0.05). The BD-2 and TNF-α protein content of lung tissues in the C, E 1 and E 2 groups were analyzed using Pearson's correlation analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
The CK-MB and PPI values of the C, E 1 and E 2 groups were significantly increased compared with those of the S group (P<0.01). Furthermore, the CK-MB and PPI values were decreased in the E 1 and E 2 groups compared with those of the C group and were also significantly decreased in the E 2 group compared with those of the E 1 group (P<0.01; Table I) .
A negligible level of BD-2 mRNA and BD-2 and TNF-α proteins were expressed in the S group; these indicators were significantly increased in the C, E 1 and E 2 groups compared with the S group (P<0.01). The expression levels of BD-2 mRNA and BD-2 and TNF-α proteins in the E 1 and E 2 groups were decreased compared with those of the C group and were significantly decreased in the E 2 group compared with those of the E 1 group (P<0.01; Table I; Figs. 1 and 2) .
In the C, E 1 and E 2 groups, the expression levels of BD-2 and TNF-α proteins were positively correlated with one another (r=0.886, r=0.876 and r=0.878, respectively; P<0.05 for all the groups).
Discussion
The systemic immune response is often caused by lung, liver, heart and kidney I/R injury. The injury of these remote organs usually induces an acute immune response that is associated with white blood cell isolation and the release of enzymes from lung tissues. This increases vascular permeability, which causes perivascular and interstitial edema, leading to pulmonary hypertension and edema. Lung diseases caused by I/R injuries in these remote organs often lead to clinical respiratory distress syndromes (17) .
In the present study, ligation of the LAD in rats for 45 min followed by relaxation for 3 h was applied to establish the Table I . Comparison of the CK-MB and PPI values and BD-2 and TNF-α content levels with BD-2 mRNA expression in the four groups (n=6/group). P<0.01 compared with the E 1 group. CK-MB, creatine kinase isoenzyme; PPI, lung permeability index; BD-2, β-defensin-2; S, sham operation group; C, myocardial I/R control group; E 1 and E 2 , edaravone-treated groups (different doses).
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myocardial I/R model. During the experiment, elevation of the ST-segment in the lead-II occurred and the corresponding region on the heart surface darkened. The ligature was untied; when the electrocardiogram ST segment was depressed >1/3 and the heart surface had become its original red color, this indicated that the myocardial tissue had recovered from the reperfusion. At the end of the procedure, the serum CK-MB levels of the C, E 1 and E 2 groups were significantly increased. Since CK-MB is the most widely used enzyme for clinical diagnostic application in acute myocardial infarction (AMI), these increased levels indicated that the myocardial I/R model was successfully constructed in the present study.
The PPI indicates the permeability of lung tissue to proteins and lung I/R injury mainly appears to increase vascular permeability. The results of this study showed that the PPI values for the C, E 1 and E 2 groups were significantly higher compared with those of the S group, indicating that the permeability of the lung tissue increased after AMI and the presence of lung injury. These results are consistent with the results of previous studies (6) , which demonstrates that construction of the acute myocardial I/R-induced lung injury model was successful.
Human BD-2 is mainly expressed in the skin, trachea and lung tissue. In foreskin-derived keratinocytes, BD-2 is rapidly expressed with the stimulation of TNF-α (within 1 h) and this lasts for >48 h (18) . According to in vivo data, BD-2 protein levels in serum and BAL fluid are increased in cystic fibrosis and infectious lung disease patients (19) . Alterations in the lung defense mechanisms of patients with chronic obstructive pulmonary diseases may promote the aggregation of bacteria in the peripheral trachea. Following examination, BD-2 expression levels in the peripheral trachea of these patients were increased. Patients who smoked exhibited decreased BD-2 secretion in the main tracheal epithelium, indicating that smoking may affect their condition through the alteration of lung tissue defense mechanisms (20) . Following remote organ I/R injuries, numerous inflammatory cytokines are released by the lung tissue. For example, in intestinal I/R, TNF-α, IL-6, IL-10, monocyte chemoattractant protein-1 (MCP-1) and interferon-γ (IFN-γ) have been monitored in lung homogenates and BAL fluid samples (6) . Ischemia of the mesenteric artery for 30 min caused gap inflammatory cell infiltration of the lung tissues and perivascular hemorrhagic edema occurred following reperfusion for 1 h (21). The results of the present study showed that the BD-2 mRNA level in the rat lung tissue was upregulated following myocardial I/R, accompanied by an increased expression of BD-2 and TNF-α proteins, and the expression levels of these proteins were positively correlated. Therefore, considering the results of previous studies, we concluded that the release of numerous inflammatory mediators may induce the upregulation of BD-2 mRNA in lung tissue following myocardial I/R. BD-2 expression is regulated by downstream effectors (including the transcription factor NF-κB or AP-1) and activated by excessive levels of proinflammatory cytokines (for example, IL-1β, TNF-α and EGF). A number of studies have shown that NF-κB inhibitors significantly inhibit BD-2 mRNA upregulation; a possible explanation for this is that the binding sites of numerous transcription factors (including NF-κB) are the same as that of the BD-2 gene promoter (22) . Following myocardial I/R injuries, numerous inflammatory cytokines (including TNF-α) enter the lung tissue and further activate transcription factors, including NF-κB. These bind with cis-acting elements and then upregulate BD-2 gene expression at the transcription level (22) .
Edaravone is a novel free radical scavenger, which has been shown to exert a protective effect in the I/R injuries of several organs. For example, in rabbit cardiomyocyte hypoxia-reoxygenation and heart I/R models, edaravone was shown to reduce cell damage and the myocardial infarction area during the reperfusion (oxygen) period (23, 24) . A number of studies have reported that the use of edaravone reduced a variety of lung injuries, including in the in vitro lung I/R injury model (25) , in acute lung injury caused by bleomycin (26) and in canine lung transplantation (27) . This indicates that edaravone has the potential to have a protective effect in the donor lung ischemia protective solution and on lung receptors in lung transplantation reperfusion. Edaravone (8 mg/kg) has been shown to significantly reduce malondialdehyde levels in lung tissue following acute pancreatitis, inhibit neutrophil infiltration and lung tissue damage and reduce IL-6 and TNF-α levels (28) .
In the present study, the CK-MB and PPI values of the two edaravone-treated groups were lower compared with those of the C group, indicating that damage to the heart and lungs was reduced. The levels of inflammatory cytokine TNF-α in these two groups were also decreased compared with the C group; similar to TNF-α, BD-2 protein expression was reduced and BD-2 mRNA expression was downregulated. This showed that edaravone protects I/R injury by inhibiting the release of proinflammatory cytokines, thus reducing the BD-2 gene and protein expression levels.
Edaravone exhibited dose-dependent protection in organ tissue damage. Nakamura et al (29) showed that of the 0.5-, 3-, 6-and 10-mg/kg doses of edaravone applied in a rat acute cerebral hemorrhage model, only 6 and 10 mg/kg had a protective effect on brain tissue. Edaravone has been shown to reduce the Fas-induced (Fas/CD95 is a cell surface protein belonging to the TNF receptor family) mortality in fulminant hepatic failure in a dose-dependent manner (30) . Yuan et al (31) confirmed that edaravone used at an early stage with a high concentration in a rat Parkinson's disease model significantly reduced the degree of damage on autonomous behavior. In the present study, the use of 10 mg/kg edaravone caused CK-MB and PPI values to decrease to even lower levels compared with the decrease observed with 3 mg/kg edaravone. The expression levels of TNF-α and BD-2 proteins and BD-2 mRNA were also further reduced, indicating that edaravone decreased myocardial I/R lung tissue BD-2 gene and protein expression in a dose-dependent manner.
Due to time limitations, the present study did not investigate the time-dependent activity of edaravone in lung tissue. Different durations of treatment with various doses of edaravone may affect BD-2 expression. This requires investigation in further studies.
In conclusion, the BD-2 gene is upregulated in lung tissue following myocardial I/R and there was a significant inhibition of this upregulation of BD-2 after edaravone treatment; this occurred in a dose-dependent manner. This may have been caused by a reduction in TNF-α production, inhibiting the TNF-α-induced BD-2 gene expression and resulting in the reduction of BD-2 mRNA and protein expression. However, the exact underlying mechanism remains to be fully elucidated.
